SUMMARY
INTRODUCTION
The maintenance of lifelong blood cell production depends on rare hematopoietic stem cells (HSCs) that reside in the bone marrow (BM) ''niche'' (Schofield, 1978) . The interaction of HSCs with the niche is thought to balance their ability to survive and to self-renew with multi-lineage differentiation, which is critical for HSC long-term maintenance in vivo (Morrison and Scadden, 2014) . Under steadystate conditions, HSCs are maintained as slow-dividing clones of quiescent cells (Wilson et al., 2009) , whereas during states of stress, for instance those in which interferons are induced, HSCs are rapidly recruited into the cell cycle (Essers et al., 2009) . The ability of activated HSCs to return to the quiescent pool determines whether the HSC pool is preserved or HSC exhaustion occurs. Thus, there is a strong interest in defining factors involved in maintaining the HSC pool during stress conditions. The ''niche'' consists of several morphologically distinct cell types, including osteoblast lineage cells, adipocytes, endothelial (arteriolar) cells, and mesenchymal stromal cells (MSCs) . One of the main questions in the study of the microenvironment is how extrinsic signals from niche cells affect the intrinsic stem cell signaling pathways to regulate their survival, differentiation, and self-renewal.
In vitro models of hematopoietic stress, such as co-culture of HSCs with stromal cells, have successfully been applied to define secreted factors involved in regulation of HSC behavior. We have previously established that the embryo-derived stromal clone UG26-1B6 maintains longterm repopulating HSCs under non-contact conditions (Oostendorp et al., 2005; Buckley et al., 2011; Wöhrer et al., 2014) . Our analyses of this cell line and other embryo-derived cell lines (Ledran et al., 2008) have identified Secreted frizzled-related protein 1 (Sfrp1) and Pleiotrophin (Ptn) (Renström et al., 2009; Istvanffy et al., 2011) to be involved in HSC self-renewal, cell-cycle regulation, and engraftment in vivo. In addition, we recently showed that conditioned medium (CM) from the UG26-1B6 cell line and secreted niche factors identified in this medium: type I collagen and nerve growth factor promoted in vitro survival, proliferation, and successful self-renewal of clones of long-term in vivo repopulating HSCs (Wöhrer et al., 2014) .
The latter studies were performed by combining gene expression data from stromal cells and short cultures of HSCs. It is clear from these data that potentially, not only do stromal cells communicate with HSCs but also the other way around. We studied the communication between HSCs and UG26-1B6 stromal cells within the co-culture Figure 1 . Gene Expression Analysis, Gene Prioritization, and Validation of CTGF Upregulation (A) Experimental design: for each microarray hybridization, 2.5 3 10 4 sorted LSK cells were co-cultured on irradiated UG26-1B2 for 1 (d1 cc), 2 (d2 cc), and 3 (d3 cc) days (stroma/LSK ratio of approximately 10:1). Co-cultured cells were separated by the expression of SSC, CD45 and Ly6A/E (SCA-1) and used for three independent experiments including all time points, providing samples for microarray analyses (d0, n = 3; d1 mc, n = 2; d1 cc, n = 3; d2 cc, n = 3; d3 cc, n = 2), qPCR, and ELISA. (B) STEM (Ernst and Bar-Joseph, 2006) analysis of dynamic expression patterns identifies 12 significant patterns, of continuously downregulated genes (four patterns, cluster C1), upregulated genes (three patterns, cluster C2), and variable up-and/or downregulation. (C) ToppFun analysis of the Biological Process GO terms enriched in cluster C1 of downregulated genes in the comparison of d0 and d1 cc UG26-1B6 stromal cells ordered by p value. For more details, see Table S1 . (D) ToppFun analysis of the Biological Process GO terms enriched in cluster C2 of upregulated genes in the comparison of d0 and d1 cc UG26-1B6 stromal cells ordered by p value. More details can be found in Table S2 
RESULTS
To gain insight on the influence of HSCs on their ''niche'' during initial stem cell activation events, we cultured LSK cells on the HSC-supportive UG26-1B6 stromal cell line (Oostendorp et al., 2002) as a model of hematopoietic stress. LSK cells were co-cultured for 1 (d1 cc), 2 (d2 cc), and 3 (d3 cc) days (Figures 1A and S1A-S1C). To allocate changes in the gene expression induced by co-culture, we used mono-cultured stromal cells as control (d0). In addition, to exclude variations in gene expression occurring because of medium change at d1 of the co-culture, we also included mono-cultured stromal cells with medium change (d1 mc After normalization, gene transcripts were clustered into groups behaving in a similar manner over the 3 days of co-culture using the Short Time-Series Expression Miner (STEM) algorithm (Ernst and Bar-Joseph, 2006) . Thus, 12 significant model profiles were identified, which were further grouped in 5 clusters based on similarity ( Figure 1B) , the largest of which, clustered in C1, contained 1,191 downregulated genes with gene ontology (GO) categories that associated mostly with DNA and RNA processing, protein N-linked glycosylation, and mesenchymal cell proliferation (Figure 1C ; Table S1 ). The second cluster (C2) contained 589 upregulated genes associated with response to stress (wounding and infection), cell activation, integrin-mediated adhesion, and bone remodeling ( Figure 1D ; Table S2 ). Further analysis of differentially expressed genes (DEGs) between the consecutive time points using the LIMMA algorithms (À1 R log 2 FC R 1, p % 0.05) (Smyth, 2004) revealed most prominent changes in gene expression levels to occur at d1 cc, yielding a number of more than 2-fold regulated (837 up-and 1,826 downregulated) transcripts in UG26-1B6 stromal cells (Table S3 ). qRT-PCR of randomly chosen transcripts in cells isolated from independent co-cultures confirmed 86% upregulated genes in d1 cc stromal cells, whereas the confirmation of downregulated genes was less consistent, yielding 50% ( Figures S1D and S1E ). Considering the gene expression changes at d1 cc, we focused on this time point and compared them with d0 and d1 mc stromal cells.
To identify possible players in HSC regulation by stromal cells, we prioritized potential candidate genes utilizing ToppGene , which ranks a list of candidate genes on the basis of two assumptions: (1) that similar phenotypes are caused by genes with similar or related functions and (2) that genes responsible for the same phenotype tend to lie close to one another in a network of protein-protein interactions (Vanunu et al., 2010) . In our analyses, hematopoiesis-associated genes collected using the text-mining tool EXERBT (Barnickel et al., 2009) (Table S4 ) were used as a training set. To obtain a set of test genes to be prioritized, the LIMMA-determined DEGs were filtered to include only transcripts with false discovery rate (FDR) p values % 0.25, yielding 2,661 transcripts. The prioritization result, showing the top 20 highest ranked genes, is presented in Table 1 . Furthermore, the top 100 DEGs with the highest significance level were hierarchically clustered, revealing 40 upregulated and 60 downregulated transcripts in the presence of LSK cells ( Figure 1E ). Interestingly, DEGs included the type I collagen Col1a2 gene (downregulated), plasminogen activator, urokinase receptor (Plaur, upregulated), Wnt2 (upregulated), and CTGF (Ctgf, upregulated). Because Col1a2 and Plaur have recently been shown to be involved in HSC regulation of survival (Tjwa et al., 2009; Wöhrer et al., 2014) and Wnt2 was only weakly expressed and hardly detectable by qPCR, we decided to study the role of stromal Ctgf in HSC regulation in co-cultures more closely. Induction of Ctgf and CTGF protein by LSK cell contact was confirmed by qPCR ( Figure S1D ) and protein (ELISA and immunofluorescence) levels ( Figures 1F and 1G , respectively).
(F) CTGF protein content in sorted d0, d1 mc, and d1 cc stromal cells as measured by ELISA of culture supernatants. *p < 0.05 (Student's t test) of three independent experiments. (G) CTGF expression in d1 mc and d1 cc stromal cells after wash-out of LSK cells, as detected with immunofluorescent stain. The scale bar represents 10 mm. One representation from two experiments is shown. DAPI was used as a counterstain.
To study the functional impact of extrinsic stromal cellderived CTGF, we generated UG26-1B6 stromal cells with decreased CTGF protein content (shCtgf stromal cells; Figure 2A) . To examine whether a decrease in stromal CTGF affects the maintenance of long-term-repopulating HSCs, we set up co-cultures of Lin À cells on either pLKO.1 or shCtgf stromal cells for 1 week and then transplanted these cultures into lethally irradiated recipient mice in a competitive setting (Figures 2B and S2) . These experiments showed that initial engraftment of the co-cultured cells was unchanged, but at later time points (10 and 16 weeks), myeloid and B-lymphoid engraftment declined significantly in shCtgf co-cultured Lin À recipients, whereas T-lymphoid engraftment was not affected ( Figure 2C ). In addition, the donor cell compartment in the BM shCtgf co-culture-receiving mice was significantly decreased (49% versus 14% CD45.1 + donor cells) ( Figure 2D ). This was also reflected in the percentage of donor myeloid progenitors (MPs) and LSK cells ( Figure 2E ). To investigate in vivo repopulating HSC quality of the HSCs regenerated in primary recipients, donor LSK cells from primary recipients from one experiment were transplanted in equal numbers per secondary recipient (1,000 LSK cells; Figure 2B ). This experiment showed that none of the secondary recipients of LSK cells from primary recipients of shCtgf stromal co-cultures engrafted more than 1% in the peripheral blood (PB), BM, and spleen. In contrast, 62.5% secondary recipients of control co-cultures showed multi-lineage engraftment of more than 1% in recipient PB and spleens (five positive from eight total mice) and 50% in the BM (four positive from eight total mice) (Figures 2F and 2G) . Thus, in co-cultures of LSK cells with shCtgf stroma, the quality of long-term repopulating HSCs was strongly diminished.
To determine possible mechanisms for how HSC maintenance could be diminished, we set up co-cultures (Figure 3A) , and 1 day later, we found that the immunophenotype and total number of LSK cells were unchanged in shCtgf compared with pLKO.1 co-cultures (Figures 3B and 3C) . However, cells from co-cultures on shCtgf stromal cells produced fewer hematopoietic colonies ( Figure 3D ). This decrease in hematopoietic progenitor activity was not due to alterations in apoptosis ( Figure S3 ). Instead, we identified increased number of LSK cells residing in G0/G1 phase of the cell cycle ( Figures 3E and 3F ) and a larger fraction of LSK cells lacking expression of Ki67, which associates with actively cycling cells ( Figure 3G ).
To determine whether decreased cell-cycling activity would preserve or diminish maintenance of LSK cells, we set up co-cultures of CD34 À SLAM cells, which are highly enriched for HSCs (sort scheme in Figure S4A ) and would allow study of the direct effects on HSC-enriched cells. These cultures showed that CD34 À SLAM cells did not form cobblestone areas on shCtgf stromal cells ( Figures  S4B-S4D ), and no LSK cells were recovered after 1 week of co-culture ( Figures S4E and S4F ).
To determine whether the decrease in stromal CTGF negatively affects cell-cycling behavior depending on direct contact with stromal cells, we performed single-cell cultures of CD34 À and CD34 + SLAM cells in pLKO.1-CM and shCtgf-CM supplemented with SCF and IL-11 (Figure 4A) (Wöhrer et al., 2014) . We found that HSC-enriched CD34 À SLAM cells cultured in shCtgf-CM show a decreased clone size during each day analyzed compared with those cultured in pLKO.1-CM because of a delay in first cell division (Figures 4B and S4G) . This reduction in clone size in shCtgf-CM cultures was rescued by addition of recombinant CTGF (rCTGF; 250 ng/ml) ( Figure 4B , left). Interestingly, similar cultures using progenitor-enriched CD34 + 
À6
Shown are the top 20 ranked genes in d1 cc UG26-1B6 cells compared with d0 and mc controls according to p value, when trained against a set of hematopoiesis-related genes (Table S4) SLAM cells showed larger clones, which were not delayed in time to first cell division by the diminished level of CTGF in shCtgf-CM or affected by the addition of rCTGF ( Figures 4B and S4G ). The delay of first cell division might be due to an increased fraction of cells in G0/G1 to almost 40% in shCtgf-CM cultures, which was rescued by the addition of rCTGF ( Figures 4C and 4D ). When we assayed the clones formed in single-cell cultures for progenitor frequency, we found that cultures with rCTGF tended to show an increased number of colony-forming cells (CFCs per clone ( Figure S4H ). Interestingly, in line with a possible role of CTGF in lymphopoiesis (Cheung et al., 2014) , a significantly larger number of B220 + and CD3ε + lymphoid cells was found in cultures with added rCTGF, whereas the number of myeloid cells was unchanged (Figures 4E and 4F) . To elucidate possible mechanisms underlying effects of decreased expression of stromal CTGF on co-cultured LSK cells, we constructed a CTGF signaling network model. For this purpose, we first cataloged CTGF interaction partners using the text-mining tool EXERBT (Barnickel et al., 2009) (Table S5 ). Thereafter, we added additional interactions among CTGF interactors from Pathway Commons (Cerami et al., 2011) (Table S5 ). The resulting CTGF Figure S2 ) were co-cultured with pLKO.1 or shCtgf cells for 1 week. Each culture was then harvested and transplanted into lethally irradiated (CD45.2) primary recipients (1,000 input Lin À equivalents/ recipient) together with competitor BM cells. After 16 weeks, mice were sacrificed and analyzed. Two independent experiments totaling n = 7 (for pLKO.1) and n = 9 (for shCtgf) recipients were performed. In one follow-up experiment, donor LSK cells were sorted out of the BM of 1 recipients and re-transplanted in equal numbers of 1,000 LSK cells per 2 recipient mice (pLKO.1, n = 8; shCtgf, n = 4). interactome contained 1,742 interactions, involving 260 interactors, including genes/proteins, microRNAs (miRNAs), pathways, as well as some drugs and chemicals. ToppFun enrichment analysis of overrepresented GO terms included cell proliferation and migration, whereas overrepresented molecular pathways within the interactome showed that CTGF is involved in integrin signaling, canonical WNT and TGFB pathways.
To provide insights into how stromal CTGF might regulate signaling in HSCs, a CTGF signaling network model was constructed from the CTGF interactome (Table S6) , which contained two interacting stromal inputs (CTGF and TGFB) as stimuli from the ''niche'' and five possible CTGF receptors expressed by LSK cells (LRP6, ITGAV/ ITGB3, IGFR2, EGFR, and TGFBR1; Figure S5A ), as well as 25 intrinsic regulatory nodes. The resulting network not only describes molecular pathways possibly regulated by CTGF but also shows how CTGF stimulation may link to G0/G1 transition (through CCND1:CDK4/6, RB1 phosphorylation, and E2F1 binding), and blockade of G1/S (through cyclin-dependent kinase inhibitors (CDKNs). A complete network using the interaction information to construct the network in the form of 32 unique nodes and 95 edges (Table S6 ) was visualized using the ''modified Edinburgh Pathway Notation'' (Freeman et al., 2010) (Figure 5) .
To assess the predictive value of each node within this simulated Ctgf signaling network, sorted LSK cells from d1 cc on pLKO.1 or shCtgf stromal cells were examined using RT-PCR ( Figure S5B ) and single-cell immunofluorescence (Istvanffy et al., 2011; Renström et al., 2009) (Figures  S5C and 6A ). Our experiments demonstrate that reduction of stromal CTGF leads to a strong increase in SMAD2/3 phosphorylation, increased p27 Kip1 (CDKN1B), negative regulation of CCND1, increased phosphorylation of RB1, and decreased E2F1 in co-cultured LSK cells ( Figure 6B ), all events associated with diminished G0/G1 transition and/ or G1/S blockade. Moreover, we find decreased canonical WNT signaling (decreased pS9-GSK3B levels and increased phosphorylated CTNNB1/decreased total CTNNB1). In addition, we find decreased PTEN/AKT1 signaling (both pT308-and pS473-AKT1), accompanied with increased PTEN when LSK cells were co-cultured with shCtgf stroma ( Figure 6C ). Decreased AKT1 signaling mediated by increased PTEN downregulates both TGFB (Hjelmeland et al., 2005) and canonical WNT signals (Korkaya et al., 2009) , suggesting that this pathway may synergize in the observed increase in G0 and delayed time to first division. Of additional interest, comparison of protein quantifications ( Figures 6B, 6C , and S5C) and qRT-PCR results ( Figure S5B ) strongly suggests that the increases in PTEN and CDKN1B proteins are both post-translationally regulated, because transcripts do not change (Pten) or are lower (Cdkn1b). The underlying mechanism is unclear, because the protein level of the regulatory subunit of the main CDKN1B ubiquitin ligase, the inducible SKP2, is unchanged ( Figure S5C + SLAM cells were sorted into 96-roundbottomed plate with pLKO.1-CM and shCtgf-CM, supplemented with mSCF (100 ng/ml) and IL-11 (20 ng/ml) with and without rCTGF (250ng/ml). Every 24 hr day, the number of cells in each well was microscopically evaluated. The accrued clones were harvested and plated into methylcellulose M3434 for 10 days, and the colonies were analyzed using flow cytometry. + and Gr1 + CD11b + myeloid populations of a total of 30 random clones analyzed (n = 15 for each of shCtgf-CM and shCtgf-CM + rCTGF). TER119 + erythroid cells were not detected. *p < 0.05.
hypothesize that some nodes within the CTGF signaling network might be differentially responsive to environmental CTGF in co-cultures. Although most of the nodes we studied show uniform up-or downregulation (or no regulation) some, like p-SMAD2/3 and CDKN1B, suggests that two responsive populations may exist. Thus, we also studied these proteins after co-cultures of HSC-enriched CD34 À SLAM cells. In line with the hypothesis that TGFB signaling is involved in CTGF signaling, we found that TGFBR1 is detectable only in CD34 À SLAM cells ( Figure S6A ). Also, TGFBR1 is not regulated by co-culture ( Figure S6B ). In support of the idea that increased G0 retention of CD34 À SLAM cells on shCtgf stroma may be caused by TGFBR1 signaling, an increase in phospho-SMAD2/3, and CDKN1B (p27 Kip1 ), with diminished CCND1 was found ( Figure 6D ).
We further explored whether G0/G1 retention could be caused by senescence-associated chromatin re-organization. Indeed, CD34 À SLAM cells co-cultured on shCtgf stroma showed increased numbers of senescence-associated heterochromatin foci (SAHF) and gH2A.X + nuclear foci ( Figures 6E   and 6F ). Expression of senescence-associated markers persisted in 1-week co-cultures ( Figures S6C and S6D ), suggesting that reduced HSC activity is, at least in part, due to induction of senescence in shCtgf stromal co-cultures.
DISCUSSION
The activation of the HSC cell cycle is thought to be precisely coordinated by a specific combination of ''niche''
Figure 5. CTGF Signaling Network Model
We compiled a list of molecules known to be associated with hematopoiesis (Table S4 ) and reported to interact directly or indirectly with CTGF and each other using EXERBT text mining and Pathway Commons, respectively (Tables S5 and S6 ). Information about the nature of the interaction are described in detail in Table S5 . Interaction partners with links to cell-cycle progression were chosen to determine how CTGF would affect cell-cycle progression (Table S6 ). The latter interaction partners were compiled into a network, which was then visualized using Edinburgh Pathway notation. (Freeman et al., 2010) We show that more than 1,500 transcripts are differentially expressed between d0 (before contact), d1 mc (medium change control), and d1 cc, d2 cc, and d3 cc (co-culture with UG26-1B6 stromal cells). We found that most upregulated stromal genes were associated with GO terms associated with stress responses, such as wounding and infection. Thus, UG26-1B6 respond to normal murine LSK cells in much the same way as another stromal cell line, EL08-1D2, which shows a ''wounding signature'' upon contact with human CLL cells (Lutzny et al., 2013) . Taken together, niche cells respond in contact with normal and malign hematopoietic cells with an inflammatory response. One of the components of that response is an increase of CTGF in stromal cells. CTGF directs connective tissue regeneration by MSC in an injury model (Lee et al., 2010) and is associated with fibrotic responses in various organs (Chen and Lau, 2009) . CTGF is known as an ECM-associated TGFB, BMP, and WNTsignaling intermediate, among others, playing a role in cell-cycle control and proliferation (Kothapalli and Grotendorst, 2000) . In mice, CTGF has been shown to promote the integrated growth of bone (Kubota and Takigawa, 2007) . Also, CTGF was shown to be strongly expressed by MSCs from the BM and to regulate their adipogenic differentiation (Kothapalli and Grotendorst, 2000) .
A recent study has shown that Ctgf À/À fetal liver HSCs repopulate recipients normally and that, in newborn mice, the number of different niche cell populations is unchanged (Cheung et al., 2014) . However, a smaller number of B cells is found in the BM and spleen of Ctgf À/À newborn mice. In line with these observations is that HSCs co-cultured on shCtgf stroma show a decreased ability to engraft B cells, with concomitant decrease in myeloid cells. Our single CD34 À SLAM culture in shCtgf-CM with added rCTGF shows that an increase of external CTGF promotes outgrowth of lymphoid cells without effects on myeloid cells, supporting the view that CTGF potentiates IL-7-induced B cell proliferation (Cheung et al., 2014) . Though the effect of CTGF on myelopoiesis remains unclear, our study confirms the view that CTGF is induced in response to hematopoietic stress and that it is a positive regulator of lymphopoiesis. We found that a decrease of CTGF in stromal cells impairs maintenance of long-term repopulating HSCs. In co-cultures of CD34 À SLAM cells on shCtgf stroma, we observed a complete loss of LSK cells. Thus, the regenerative stress of HSCs from these cultures is much higher, explaining the loss of engraftment of shCtgf-stromal cell-co-cultured HSCs already in the primary recipients, which is propagated in secondary recipients. Considering that long-term self-renewal activity is associated with myeloid engraftment, the observed decrease in myeloid engraftment with relative preservation of lymphoid engraftment is consistent with a decreased LT-HSC quality and suggests that CTGF promotes HSC functional activity. Indeed, the rescue effect of rCTGF in the single cell cultures of CD34 À SLAM cells in shCtgf-CM on clone size suggests that CTGF may promote HSC self-renewal. To understand how extrinsic CTGF regulates intrinsic signaling in HSCs, we created a CTGF interactome and a subtracted CTGF signaling network model. Not only did we model possible signaling outcomes, we also validated the different nodes of this network to demonstrate that lower concentrations of CTGF in the extracellular space during the first day of co-culture lead to strongly increased SMAD2/3 activation in HSC-enriched CD34
À SLAM cells, decreased AKT phosphorylation, and canonical WNT signaling. The end result of the concerted action on different pathways is an accumulation of CDKN1B (p27 Kip1 ) and a decrease of CCND1 expression and cellcycle progression. Remarkably, our findings suggest a possible synergistic decrease in canonical WNT signaling by increased PTEN expression and decreased phosphorylation of both T308 and S473 AKT1. Indeed, we find that increased PTEN is associated with reduced HSC activity, because PTEN deletion promotes primitive HSC survival and self-renewal (Perry et al., 2011) . Our experiments show that TGFBR1 is differentially expressed between CD34
À and CD34 + SLAM cells, indicating that the more primitive CD34 À SLAM cells would respond more strongly to TGFB than CD34 + SLAM cells.
Reminiscent of our single CD34 À SLAM cultures, low doses of TGFB increase production of myeloid colony-forming cells, and addition of TGFB decreases the number of myeloid-biased HSCs in G0/G1 (Challen et al., 2010) . Indeed, high expression of TGFBR1 on SLAM cells identifies HSCs with high myeloid but low lymphoid engraftment potential (Quéré et al., 2014) . Combining our data with these published studies suggests that CTGF is a niche-dependent downstream effector of TGFB, which prevents cell-cycle arrest and senescence of TGF-responsive (myeloid-biased) HSCs. In summary, we have found that early hematopoietic cells induce a wounding and inflammatory expression profile associated with stress responses in stromal cells. We further identified the upregulation of the wound regeneration-promoting CTGF to be critical to prevent exhaustion of longterm-repopulating HSCs in culture. In addition, the CTGF signaling network predicts that a decrease in environmental CTGF down-modulates the cell-cycle activity of CD34 À SLAM cells by upregulated signaling through the SMAD2/ 3/CDKN1B axis and concomitantly cross-regulated downregulation of canonical WNT-mediated regulation of CCND1/pRB1/E2F1-mediated G0/G1 progression. Our present study helps to understand the interplay of reciprocal signaling between stromal cells and HSCs in culture and in the niche during hematopoietic stress.
EXPERIMENTAL PROCEDURES
Mice C57BL/6 (8-10 weeks old, CD45.2) mice were purchased from Harlan. In transplantation experiments, B6.SJL-Ptprca Pepcb/ BoyJ (CD45.1) mice from Taconic were used as recipients. All experiments were approved by the Government of Upper Bavaria. All animals were housed for at least 1 week prior to experimental use in microisolators under specific pathogen-free conditions, according to Federation of Laboratory Animal Science Associations and institutional recommendations.
Flow Cytometry Analysis and Cell Sorting
LSK cells were isolated from C57BL/6.J mice as described previously (Istvanffy et al., 2011; Renström et al., 2009) . Surface antigens were stained with antibodies from eBioscience (Natutec), except for PE-Cy5.5-streptavidin conjugate, which was obtained from Invitrogen. Fluorescence-activated cell sorting (FACS) analyses were performed on a CyAn ADP Lx P8 (Coulter-Cytomation). Data were analyzed with FlowJo software (TreeStar). Sorting of cell populations was done with a MoFlo High Speed cell sorter (Beckman Coulter).
Stromal Cells and Co-cultures
The stromal cell line UG26-1B6 was cultured under non-confluent conditions at 33 C as described (Oostendorp et al., 2002 (Oostendorp et al., , 2005 .
Lentiviral shRNAmir in pLKO.1 vector (OpenBiosystems, GE Dharmacon) was used for stable knockdown of CTGF (shCtgf) in stromal cells as described previously (Istvanffy et al., 2011; Renström et al., 2009 
Single Cell Cultures
Serum-free CM was prepared by incubating serum-free medium (BIT; STEMCELL Technologies), 40 mg/ml low-density lipoproteins (Sigma), 100 U/ml penicillin, 100 mg/ml streptomycin, and 10 À4 M b-mercaptoethanol for 3 days on irradiated (30 Gy) confluent pLKO.1 (pLKO.1-CM) and shCtgf (shCtgf-CM) stromal cells. Before use, CM was filtered through a 0.4 mm filter. CD34 À and CD34 + SLAM cells were sorted into round-bottomed 96-well plates preloaded with 100 ml of pLKO.1-CM and shCtgf-CM, supplemented with mSCF (100 ng/ml) and IL-11 (20 ng/ml), both from R&D Systems, and rCTGF (250 ng/ml; BioVendor) where indicated. Immediately after sorting, the plates were centrifuged for 5 min at 200 3 g and microscopically inspected for the presence of single cells. Each well was inspected every 24 hr for clonal growth. After 5 days, each clone was harvested and studied for colony formation in growth factor-supplemented methylcellulose (M3434; STEMCELL Technologies), After 10 days, the number of colonies was counted and cells were harvested, and washed three times with HF2 + , pelleted, and stained with B220-PECy7, CD3ε-PECy5.5, CD11b-APCCy7, GR1-PB, and TER119-PE (eBiosciences). Immunofluorescence staining was measured on a CyAn ADP Lx P8 (Coulter-Cytomation) and analyzed with FlowJo software (TreeStar).
Total RNA Isolation and mRNA Profiling
Total RNA was isolated using RNeasy Micro Kit (Qiagen), according to the manufacturer's recommendation. RNA amplification, hybridization, and array scanning were performed at the Department of Microbiology and Immunology, Technische Universität München. qRT-PCR total RNA was reverse-transcribed into cDNA using the QuantiTect RT Kit (Qiagen), according to the manufacturer's recommendation. qRT-PCR was performed using Power SYBR Green PCR Master Mix and analyzed using the StepOne Real-Time PCR System (Applied Biosystems), as described in the Supplemental Information. All primer sequences used in this study are given in Table S7 .
Protein Expression Profiling
Single-cell staining of different proteins was performed as previously described (Istvanffy et al., 2011; Renström et al., 2009 ). In brief, stromal cells grown to confluence on gelatin-coated wells or on poly-L-lysine-coated slides were irradiated with 30 Gy, and a full medium change was performed. One day later, LSK cells were plated on the stromal cells. After 1 more day of culture at 33 C, 5% CO 2 , cells were harvested by trypsin digestion, and LSK cells were sorted as described above. Alternatively, LSK cells were washed off using PBS and adherent stromal cells were stained. For immunofluorescence staining, 1 3 10 3 LSK cells sorted from co-cultures were spotted on poly-L-lysine-coated slides. Cells were fixed with 4% paraformaldehyde in PBS and blocked with 10% fetal calf serum, 0.1% Triton-X in PBS and stained with the antibodies listed in Table S8 . As a secondary antibody, we used anti-rabbit, Alexa Fluor 488-conjugated antibody (4412; Cell Signaling). All stains were counterstained with DAPI and mounted with SlowFade Gold Antifade Reagent (Invitrogen). Staining was assessed on the Leica DM RBE fluorescent microscope. Fluorescence intensities of stained cells were quantified in total pixels using ImageJ (NIH). Each stain included a negative Ig control for background correction. The quantitative measurement of CTGF protein in cell lysates was performed with ELISA Kit for CTGF (USCN Life Science), following the manufacturer's instructions.
In Vivo Transplantation Assay
In vivo repopulation assay using competitive transplantation into lethally irradiated recipient mice was performed as we have described previously (Istvanffy et al., 2011; Renström et al., 2009 
Cell-Cycle Analysis
For cell-cycle analysis, LSK cells were sorted and co-cultured for 48 hr on pLKO.1 or shCtgf stromal cells, or, alternatively, CD34 À SLAM were cultured for 24 hr in pLKO.1-CM and shCtgf-CM, with addition of rCTGF (250 ng/ml). After culture, LSK cells were separated from stromal cells, or CD34 À SLAM cells were harvested and fixed in dropwise added cold 70% ethanol. After overnight fixation at À20 C, cells were washed twice in 1 3 PBS, stained with propidium iodide (PI), and incubated with RNase A for 3 hr at room temperature. PI staining was measured by flow cytometry and analyzed using FlowJo analysis software.
Time-Series Gene Expression Data Processing and Analysis
Time-series gene expression data analysis was performed using R/Bioconductor (Gentleman et al., 2004 ) packages: we further used affy , GCRMA (Wu and Irizarry, 2004) , arrayQualityMetrics (Kauffmann et al., 2009), and LIMMA (Wettenhall and Smyth, 2004) . The false discovery rate (FDR) was controlled using the Benjamini-Hochberg (BH) procedure (Benjamini, 1995) . Finally, clustering was performed using STEM (http://www.sb.cs.cmu.edu/stem) (Ernst and Bar-Joseph, 2006) .
Candidate Gene Prioritization
To find candidate genes, we first used the ToppGene candidate gene prioritization algorithm (http://toppgene.cchmc.org) . In order to further reduce the number of DEGs, we performed hierarchical clustering of the top 100 highest ranked DEGs using the function hclust in the R statistical environment (version 2.14.1), standard package stats with default parameters.
Culling the CTGF Interactome from the Literature and Public Databases
The CTGF interactome was culled from the literature by using the EXCERBT text-mining tool on the basis of semantic sentence analysis (Barnickel et al., 2009) , followed by manual curation. Further interactions within CTGF first neighbors were retrieved from the Pathway Commons database (http://www.pathwaycommons.org) (Cerami et al., 2011) integrating several different protein-protein interaction resources.
Construction of the Literature-Based CTGF Signaling Network
We first selected a list of ''seed genes'' from the CTGF interactome and, starting from reported CTGF receptors, which are expressed by LSK cells (Figure S6A) , performed text mining, again using EXERBT (Barnickel et al., 2009) , and used manual curation to identify the pathway nodes and major molecular players relaying possible signals from CTGF receptors to its downstream targets within the ''seed.'' More details can be found in Supplemental Information.
Statistics
All analyses with data from the microarrays were performed in the R statistical environment (version 2.14.1). In the analyses of the gene expression data (microarrays as well as qRT-PCR), we used the FDR to control for the expected proportion of false discoveries among the rejected hypotheses (Benjamini, 1995) . Unless otherwise indicated, the functional biological and the biochemical data are presented as the mean and the SE associated with the mean. In these experiments, the two-tailed Student's t test with a level of significance of 0.05 was performed for two-group comparisons of the differences between the samples under study.
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